Periodic ripple and nanoripple patterns are formed at the surface of amorphous steel after femtosecond pulsed laser irradiation (FSPLI). Formation of such ripples is accompanied with the emergence of a surface ferromagnetic behavior which is not initially present in the non-irradiated amorphous steel. The occurrence of ferromagnetic properties is associated with the laser-induced devitrification of the glassy structure to form ferromagnetic (α-Fe and Fe 3 C) and ferrimagnetic [(Fe,Mn) 3 O 4 and Fe 2 CrO 4 ] phases located in the ripples. The generation of magnetic structures by FSPLI turns out to be one of the fastest ways to induce magnetic patterning without the need of any shadow mask. Furthermore, local variations of the adhesion force, wettability and nanomechanical properties are also observed and compared to those of the as-cast amorphous alloy. These effects are of interest for applications (e.g., biological, magnetic recording, etc.) where both ferromagnetism and tribological/adhesion properties act synergistically to optimize material performance.
Introduction
The unprecedented technological progress in diverse areas of nanoscience and nanotechnology is raising an increasing demand for new types of materials, novel lithographic procedures and new techniques to assemble micro-/nanocomponents into complex systems, such as micro-/nanodevices, lab-on-a-chip or miniaturized robotic platforms. To a large extent, coping with the current technological challenges relies on the implementation of innovative methods to fabricate large areas of patterned structures with sub-micrometer scale precision in a rapid, inexpensive and industrially scalable manner.
High-resolution magnetic patterning is crucial in applications like magnetic encoding, magnetic sensors and actuators, wirelessly actuated magnetic microrobots, spin-electronics or high-density magnetic recording media. In all these applications, not only the magnetic properties are important but other aspects, such as surface adhesion, nanomechanical behavior or hydrophobicity need to be precisely controlled in order to attain optimized material performance. The tribology behaviour of patterned magnetic materials and the quantification of surface adhesion forces, for example, are of 3 paramount importance in high-density recording media, where the write/read heads fly only a few nm from the surface of the recorded information [1] . Adhesion is a crucial parameter in magnetic systems for biological and mechatronic applications [2, 3] , in some bioinspired actuator devices [4] or in magnetic wall-climbing devices [5] . Surface roughness plays also a crucial role on the magneto-electrical properties of a variety of thin films [6, 7] .
In many of these cases it is desirable that the magnetic behavior of the patterned structures is not affected by the presence of magnetic stray fields stemming from neighboring magnetic materials or underlying magnetic layers. For this reason, sophisticated lithographic procedures, that are usually rather time-consuming (i.e., consisting of multiple steps) and rather costly (i.e., requiring clean room facilities), are utilized to fabricate arrays of ferromagnetic dots at the surface of non-ferromagnetic substrates [8] .
In the last few years, some non-conventional approaches for the direct magnetic patterning of initially non-magnetic materials have been developed. These include, for example, nanoindentation and ion irradiation of atomically-ordered alloys, stainless steels or metallic glasses [9] [10] [11] [12] [13] . The large compressive stresses generated during nanoindentation are sufficient to induce atomic order-disorder transitions in Fe-Al alloys, local nanocrystallization in metallic glasses or martensitic transformations in austenitic steels. In all these cases, the induced structural changes result in localized magnetic patterning at specific regions of the sample surface [9] [10] [11] . Ion irradiation through shadow masks is an alternative procedure to fabricate arrays of ferromagnetic structures (sometimes without any topological damage) in some of the aforementioned materials [12, 13] .
Femtosecond pulsed laser irradiation (FSPLI) is a powerful technique to induce periodic topological patterning and concomitant ablation damage at the surface of certain metallic alloys, semiconductors, dielectrics and polymers [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Depending on the laser processing conditions (fluence and nominal number of pulses) the imprinted structures can change from low-spatial-frequency ripples or "classical ripples" with periodicity close to the laser light (perpendicular to the polarization of the incident laser beam) [9, 10] to high-spatial-frequency nanoripples with periodicity smaller than laser wavelength (either perpendicular or parallel to the polarization direction [17] [18] [19] . Even 4 spikes [20] , regular arrays of nanopores [21] or concentric rings [22] can be induced under certain circumstances. Several models have been put forward in the literature to account for the various types of ripple topologies. Examples include the interference between the laser beam and the surface scattered wave, the excitation of surface plasmon polaritons, and self-organization. Regarding interference, it is proposed that when a laser beam interacts with a material, surface defects cause the incoming incident laser beam to become partially scattered into a tangential wave, which propagates across the material surface. Laser-induced periodic surface structures are thought to appear because of interference of the laser beam scattered by multiple surface defects [23] .
Separately, it has been reported that when the incident electromagnetic laser radiation couples with a plasmon charge oscillation, a modified electromagnetic field propagates in the area which has specific polarisation dependence, regardless of whether a material is metallic or dielectric in nature [24] [25] [26] . For metals, a specific dependence of the plasmon coupling has been reported depending on the grating period [27] . Furthermore, ripple formation has been compared to the formation of sand dunes present in a desert and to other structures spontaneously created following ion beam sputtering on a microscale [28] . These spontaneous processes include the melting and resolidification processes occurring at the surface due to the induced temperature gradients [29] [30] [31] .
Additionally, second harmonic generation has been shown to play a role in the formation of nanoripples [32] . In spite of the very short duration of the pulses, phase transformations and other microstructural changes are sometimes observed during FSPLI, for example amorphization of Si [15] , crystallization of chalcogenides [33] or crystallization of metallic glasses [31, 34] .
In addition to its fundamental interest, surface treatment using FSPLI is also appealing for practical applications, as a method to increase the corrosion resistance of steel [35] , to induce superhydrophobicity in several alloys [36] or to improve the bending plasticity in certain types of metallic glasses [37] . Remarkably, most of previous works dealing with FSPLI have focused on the mechanisms responsible for topological surface corrugation or on the variation of macroscopic physico-chemical properties at the surface level treating the material as a whole [18, 19, [38] [39] [40] [41] [42] . Conversely, detailed mappings of physical properties at the micro-/nanoscale (i.e., at the "ripples" length-scales) have been mainly overlooked. In particular, the use of FSPLI as a method to induce magnetic patterning has not been demonstrated. 5 In this work, we report on the utilization of FSPLI to induce magnetic patterning at the surface of Fe 51 Mn 10 Cr 4 Mo 12 C 15 B 6 Er 2 alloy. Fe(Co)-Cr-Mo-C-B-Ln and Fe-Cr-Mn-Mo-C-B-Ln (where Ln ≡ lanthanide element) alloys, with Fe(Co) content around 50 at.%, have been intensively investigated during the last few years owing to their high glass forming ability, outstanding mechanical properties and high corrosion resistance [43, 44] . For certain compositional ranges, the presence of small metalloid atoms (C,B) together with large refractory metals (Cr, Mo) promotes the formation of a glassy microstructure which does not exhibit long-range crystallographic order. In these alloys, Mn is known to play a crucial role in increasing the reduced glass transition temperature [45] , while suppressing the ferromagnetic behavior at room temperature. These materials, often referred to as "non-ferromagnetic amorphous alloys", exhibit a yield stress that can be about three times larger than that of crystalline austenitic stainless steel. The alloy composition chosen in our study corresponds to the one that exhibits the largest glass forming ability among the Fe-Cr-Mo-C-B-Ln alloy system [46] . A selfinduced mechanism leading to the formation of periodic microstructures has been observed during femtosecond pulsed laser ablation at the surface of this material.
Besides the formation of low-spatial-frequency ferromagnetic ridges perpendicular to the polarization of the incident laser beam, high-spatial-frequency nanoripples (parallel to the laser polarization) are also formed between consecutive low-frequency ridges.
The observed ferromagnetic behavior is ascribed to surface-crystallization of some ferromagnetic (α-Fe, Fe 3 C) or ferrimagnetic [like (Fe,Mn) 3 O 4 or Fe 2 CrO 4 ] phases during the FSPLI process. These results show a potentially new application of FSPLI, as a tool to magnetically pattern large areas (~cm 2 ) of a non-magnetic material in a very fast (few seconds) and inexpensive manner. Furthermore, a mapping of the local variation of nano-mechanical properties (adhesion force) at the FSPLI treated surface was obtained by atomic force microscopy (AFM) with Peak Force tapping mode. Young's modulus were calculated from the unloading indentation segments, using the method of Oliver and Pharr [47] . Finally, contact-angle measurements were performed using the sessile-drop technique (5 wt.% NaCl aqueous solution droplets with 1 µL volume). Fig. 1 (a) shows some examples of the patterns that can be induced by FSPLI imaged by SEM. Honeycomb arrays of circular dots, digits and letters and networks of 7 stripes can be drawn at the surface of the metallic glass in a very fast way (few seconds), with a precision determined by the laser spot (in this case 20 µm). The processing times are orders of magnitude faster than those involved in multi-step conventional patterning methods such as optical or electron beam lithography. The lateral resolution of the areas printed by FSPLI is comparable to the one attained with other direct patterning techniques, such as inkjet printing technology (typically of several tens of µm), that still requires, in any case, of shadow masks [48] . Fig. 1 (c) ]. The periodicity of these "classical ripples" is 770 ± 28 nm, hence slightly smaller than the wavelength of the laser, in agreement with other works from the literature [18, 20, 21, 32] . The depth of the ridges is 238 ± 9 nm [ Fig. 2 Fig. 3 (b) ]. The formation of nanoripples between classical ripples has been previously reported according to the surface plasmon interference model combined with grating-assisted coupling. The high-spatial-frequency nanoripples are formed as common walls between adjacent bursting bubbles, while lowspatial-frequency classical ripples are then formed as hills between individual expanding events [18] .
Experimental procedure

Results and discussion
Hence, we propose that the ripple formation observed in this study is consistent with the coupling of the incident electromagnetic radiation with plasmon charge oscillations. It can be proposed that the roughness of the initial surface is sufficient to initiate this plasmon polariton coupling. When overlapped pulses are used, the nanostructures/ripples created from preceding pulses, will also lead to such coupled surface excitations. The coupled plasmon polariton modes in turn decay non-radiatively and thereby create a unique spatial energy distribution across the surface. Using recently reported results [49] it can be speculated that this distribution leads to the bifuricated and bended ripple structure observed throughout Figs. 1, 2 and 3. 8 The XRD patterns of the as-cast Fe 51 Mn 10 Cr 4 Mo 12 C 15 B 6 Er 2 alloy and the FSPLI treated (3 × 3 mm 2 ) sample are shown in Fig. 4 . The diffractogram of the as-cast sample consists of two broad halos with virtually no sharp peaks superimposed. This indicates that the as-cast rod is mainly amorphous. Conversely, clear diffraction peaks are observed in the XRD pattern of the pulsed laser treated sample. Both metallic and oxide phases are generated during FSPLI. Crystallization is expected because, in spite of the short duration of the pulses, temperature is often estimated to locally reach thousands of K in this type of processes [29, 50] , thus much higher than the glass transition, are neither ferromagnetic nor ferrimagnetic). In Fig. 5 , EDX mappings reveal that the ridges are enriched in Fe, Mn, Cr and O. Although the ripples structure is also observed in the C mapping, the zones enriched in C do not always exactly coincide with the ridges topology. In turn, Mo and Er are homogeneously distributed at the surface. These results indicate that the ferromagnetic/ferrimagnetic phases are mainly located at the ripples of the FSPLI regions. The deposited energy, delivered in this multi-pulse approach, appears sufficient to establish a temperature which enables redistribution of the atomic species. However, the precise mechanism for this effect is not clear, and hence it must be interpreted with caution.
Interestingly, the nanoripples can also be observed by AFM, not only when using the conventional topographic tapping mode [ Fig. 6(a) ] but particularly when the system is operated in the "Peak Force Quantitative Nanomechanical mode" (QNM mode) [ Fig.   6 (b) ]. For comparison, the SEM image of the same area is displayed in Fig. 6 (c) .
Under certain conditions, this QNM method allows extracting the mechanical properties of the scanned surface with sub-micrometer scale resolution. In peak-force tapping mode, the tip and the sample are intermittently brought into contact. However, the sample deformation depths are limited to a few nanometers and, therefore, only the elastic regime is actually probed. At such small applied force range, adhesion forces between the sample and the tip play an important role and they can be quantified. The 9 adhesion mapping reveals maximum adhesion at the upper parts of the ripples and minimum contrast at the trenches. To our knowledge, this local variation of adhesion behavior after FSPLI has not been previously reported in the literature. Variations in adhesion of the order of hundreds of nN were observed between the different regions comprising the nanoripples [ Fig. 6 (b) ]. Interestingly, the average adhesion value in the FSPLI sample (<F adh > ~ 190 nN) is considerably higher than for the as-cast alloy (where the mean adhesion force is only around 30 nN), in agreement with previous results showing that an increase of surface roughness induces higher adhesion force in the material as a whole [42] . For soft materials (e.g., polymers) also the Young's modulus can be determined by AFM using the QNM operation mode [54] . However, for hard materials (like the one studied in this work), the quantification of Young's modulus using the QNM mode becomes rather unreliable. Thus, nanoindentation was employed to evaluate the Berkovich hardness, H B , and reduced Young's modulus (E r ) of the as-cast and laser treated samples. As shown in Fig. 6 (d) , for a maximum load of 10 mN, higher penetration depth is attained in the laser treated sample, indicating that This increase is quite modest compared to the results obtained from other rougher surfaces prepared by different methods. Namely, certain FSPLI conditions can render superhydrophobic surfaces by adjusting both the topological damage as well as the composition of the alloy at surface level [36] . Fig. 7 It should be noted that the magnetic patterning induced by FSPLI is accompanied with topological patterning and is irreversible in nature (i.e., it remains at the surface unless the sample is mechanically polished to remove the ripples). This is opposite to the ion-irradiation induced magnetic patterning in Fe 60 Al 40 alloy [13] , which preserved the smoothness of the surface and could be erased by subsequent low-temperature annealing treatments. In that case, however, a pre-lithographed mask was needed to define the local regions through which the ions could irradiate the atomically-ordered alloy, whereas FSPLI is completely mask-free. Hence, compared to ion-irradiation, FSPLI is a single-step magnetic patterning method and a cost-effective lithographic procedure. As aforementioned, nanoindentation can also generate arrays of ferromagnetic dots at the surface of various alloys, including metallic glasses. However, compared to FSPLI, nanoindentation is very slow. About one or two minutes are needed to make each indentation impression and induce the concomitant magnetic patterning.
Shown in
Hence, an array of 10 × 10 indentations covering an area of 1 cm 2 would take about 2-3 hours. Conversely, inducing magnetic patterning in this 1 cm 2 region by FSPLI needs only about 10 seconds. Thus, the FSPLI is much faster. Given the inherent topological patterning that accompanies FSPLI treatments, the induced magnetic structures could be used for applications like magnetic traps (of, for example, magnetic nanoparticles dispersed in fluids), magnetic sensors or magnetic encoders.
Conclusion
In summary, FSPLI has been shown to be a suitable method to generate periodic arrays of sub-micrometer-sized magnetic structures at the surface of non-ferromagnetic amorphous steel. The origin of the observed ferromagnetic behavior is the laser-induced devitrification of the glassy structure to form ferromagnetic (α-Fe and 
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